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Abstract
As a part of the electromagnetic spectrum, microwaves heat materials fast and efficiently 
via direct energy transfer, while conventional heating methods rely on conduction and con-
vection. To date, the use of microwave heating in the research of carbon-based materials 
has been mainly limited to liquid solutions. However, more rapid and efficient heating is 
possible in electron-rich solid materials, because the target materials absorb the energy of 
microwaves effectively and exclusively. Carbon-based solid materials are suitable for micro-
wave-heating due to the delocalized pi electrons from sp2-hybridized carbon networks. In 
this perspective review, research on the microwave heating of carbon-based solid materials 
is extensively investigated. This review includes basic theories of microwave heating, and 
applications in carbon nanotubes, graphite and other carbon-based materials. Finally, prior-
ity issues are discussed for the advanced use of microwave heating, which have been poorly 
understood so far: heating mechanism, temperature control, and penetration depth.
Key words: microwave, carbon nanotube, carbonization, graphite, heat treatment, Max-
well-Wagner-Sillars polarization, penetration depth
1. Introduction
Microwaves are a part of the electromagnetic spectrum with frequencies ranging from 
300 MHz to 300 GHz, lying between infrared and radio frequencies. Microwave technolo-
gies were developed rapidly during and after the Second World War for radar and commu-
nication uses. These days, microwaves are extensively used for wireless communications, 
such as long term evolution; for major wireless local area network standard (Wi-Fi); space 
craft communication and radar applications like global positioning system; and air traffic 
control. In addition to the radar and communication uses, microwaves are also widely used 
for heating. Foods are rapidly and conveniently heated by a microwave oven at home, and a 
variety of materials are heated at industries and laboratories using microwaves.
Microwave heating provides several advantages over conventional (firing or resistive) 
heating, most of which come from the way energy is delivered. Microwaves can deliver their 
energy directly to target materials by radiation at the speed of light without conduction or 
convection, the main processes of energy transfer in conventional heating. Thus, microwave 
heating is much faster than conventional heating, and selective heating is possible without 
interaction between the microwaves and their surroundings. 
Research on the microwave heating of carbon-based materials can be classified into two 
categories depending on the phase of microwave absorber. One is solution heating, rep-
resented by microwave-assisted organic synthesis (MAOS) and the other is solid heating, 
whose main targets are solid state carbons and metals. Solution and solid heating differ 
greatly, both in the heating mechanism and the accompanying reactions.
The difference in the heating mechanism for a solution and a carbon-based solid is shown 
in Fig. 1. Microwave heating of a solution is mainly related to the dipole rotation of polar 
solvent molecules. However, in electron-rich solids which have no freely-rotatable dipoles, 
like carbon-based solids, it is the motion of electrons that generates heat, through joule heat-
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atomic polarization by displacement of atomic nuclei, 3) dipolar 
polarization by reorientation of molecules which have perma-
nent dipoles, and 4) interfacial polarization by accumulation of 
relatively mobile charges at grain/phase boundaries or surfaces. 
Microwaves are a kind of electromagnetic wave, and conse-
quently, the direction and the magnitude of their electric field 
changes continuously with time, so the polarization they induce 
is also changed with time. In general, polarization has a phase 
lag with the electric field oscillation because a material’s po-
larization does not respond instantaneously to an applied field. 
Therefore, permittivity (e), which describes the electric field 
flux generated by polarization, is usually expressed as a com-
plex form (e′+ie′′) to show the magnitude and the phase of po-
larization at the same time. Here, the real part of permittivity 
(e′) is related to the stored energy within the medium and the 
imaginary part of the permittivity (e′′) is related to the energy 
dissipated as heat. 
When the frequency of an electric field oscillation is increased 
over a certain point, some polarization stops contributing to the 
total polarization because there is an increasing phase lag be-
tween the electric field oscillation and reorientation of the po-
larization. In this case, the real part of the permittivity decreases 
while the imaginary part of the permittivity decreases, which 
means the dissipation of energy in the form of heat increases. 
The frequency dependence of dielectric permittivity is shown 
in Fig. 2. Electronic polarization and atomic polarization don’t 
contribute to microwave absorption because they start to have 
phase lag at a frequency higher than the microwave frequency. 
Generally, interfacial polarization occurs far below the micro-
wave frequency, but the peak frequency of dielectric loss factor 
of interfacial polarization can vary considerably according to 
the conductivity and dielectric properties of the material. Thus, 
interfacial polarization as well as dipolar polarization are con-
sidered to be the polarizations involved in microwave heating.
2.2 Conductivity under microwaves
When charged particles can move freely within the material, 
electric conduction can be generated by charged particles, which 
ing within the grain, or arc generation at phase boundaries. 
Microwave heating of solid state carbon-based materials 
has distinct merits, but they have scarcely been reported, while 
over 800 papers were published about MAOS in 2007 alone 
[1]. The purpose of this review is to introduce the microwave 
heating of carbon-based solid materials, including carbon nano-
tubes (CNTs), graphite, and others. Also, issues crucial to the 
advanced research of microwave-carbon heating are discussed.
2. Theory
The mechanism of microwave heating varies according to the 
interaction between the microwaves and target materials. In this 
section, the heating mechanisms and the characteristics of solu-
tion heating and carbon-based solid heating will be covered for 
an obvious contrast. Before that, polarization and conductivity 
will be dealt with, since they play important roles in the micro-
wave heating of both solutions and carbon-based solids. 
2.1. Polarizations under microwaves
When a dielectric material, whose charged particles can’t 
move freely, is exposed to an external electric field, the electric 
charges cause dielectric polarization, which arises from the dis-
placement of charges from their average equilibrium position. 
This polarization can be categorized as follows: 1) electronic 
polarization by displacement of electrons from the nuclei, 2) 
Fig. 1. Mechanism of microwave heating for (a) polar solution and (b) 
solid carbon.
Fig. 2. Frequency dependence of polarizations [2].
Microwave heating of carbon-based solid materials
17 http://carbonlett.org
500 MHz and measured over 100 at 2.45 GHz.
In 2003 Imholt et al. [6] reported various observations of 
microwave-CNTs reaction with temperature measurement. Mi-
crowave irradiation (2.45 GHz, 700 W) on HiPco-generated 
SWCNTs showed strong microwave absorption with light emis-
sion, heat release, outgassing and nanotube reconstruction. The 
temperature reached 2000°C during the reaction and H2 expul-
sion was observed by a residual gas analyzer. Fig. 4 displays 
transmission electron microscope images of CNTs after micro-
wave irradiation showed welded and looped nanotubes which 
were not present in the original HiPco SWCNTs.
Among the various applications of microwave heating of 
CNTs, CNT/polymer welding is the most actively researched 
area. Unlike other CNT/polymer composite making techniques 
such as solution mixing, melt mixing and in-situ polymerization 
[16], microwave welding gives several advantages. 
The first advantage is that microwave welding can be done 
within a few minutes [7-11,13-15]. Specifically, Wang et al. 
[8] reported CNTs subsided into a poly(ethylene terephthal-
ate) (PET) substrate after only 1 s of microwave irradiation. A 
second advantage is the selectiveness of the heating. Because 
the microwave absorbance of most polymers is negligible, only 
CNTs absorb the microwave energy and are heated [2]. So, 
welding can be performed without significantly affecting the 
obtain kinetic energy from the external electric field. Typical ex-
amples are the movement of electrons in metals or semiconduc-
tors and the movement of ions in ionic liquids. 
The movement of charged particles generates heat by colli-
sions. Electrons collide with atomic ions composing the body 
of conductors or semiconductors. Ions in an aqueous solution 
collide with neighboring molecules or atoms. Heat is generated 
as a consequence of the collisions, a process commonly called 
Joule heating. 
2.3. Microwave heating of solutions
Microwave heating of a solution is explained by dipolar po-
larization and ionic conduction. Most solvents including water, 
dimethylformamide, tetrahydrofuran and ethanol have perma-
nent dipoles. When a microwave is applied, the dipoles rotate 
with a delay to the change of the electric field, which causes 
friction and heat. In addition, the solution is also heated by ionic 
conduction when ions exist. 
As a result, most reactions can be carried out using polar sol-
vents even when the microwave absorbance of the reactant is 
poor. On the other hand, the method has some limitations, as 
follows: 1) most of the microwave energy used for the heating 
of polar solvents is dissipated, and 2) there is no macroscopic 
difference in the distribution of temperature within the reactor, 
while the absorption of microwave energy may be selective. 
2.4. Microwave heating of carbon-based solids
In the case of carbon-based solids which have few or no 
freely rotating dipoles, microwave heating can’t be explained 
as above. Instead, the interaction between microwaves and elec-
trons is important. Microwave heating of carbon-based solids is 
mainly explained by interfacial polarization (so called Maxwell-
Wagner-Sillars [MWS] polarization). In addition, carbon-based 
solids possess semiconducting features because of delocalized 
pi-electrons in the graphitic region [3,4], so Joule heating also 
plays an important role in the heating of carbon-based solids by 
microwave. 
In these cases, unlike solution heating, microwave heating 
is very efficient and selective because the microwave energy is 
solely absorbed by the target material.
3. Microwave heating of CNTs
CNTs have excellent electrical properties resulting from sp2-
networks of carbon atoms. The number of free electrons which 
can migrate freely over the whole of the layer is about one per 
each carbon atom [4]. The free electrons enable CNTs to absorb 
microwave energy considerably and to be heated effectively by 
microwaves.
The microwave absorbing property of CNTs was measured 
by Grimes et al. [5] for the first time in 2000. Complex per-
mittivity of 0-23 weight percent single-wall CNTs (SWCNTs) 
dispersed in poly-ethylmethacrylate composites was measured 
in the frequency range from 500 MHz to 5.5 GHz as shown in 
Fig. 3. With 23 weight percent of SWCNTs, the imaginary part 
of the complex permittivity was increased by a factor of 1200 at 
Fig. 3. Imaginary (e’’) part of permittivity spectra of polymer compos-
ites with 0-23 wt% of single-wall carbon nanotube [5].
Reprinted with permission from [5]. Copyright © 2000, Elsevier.
Fig. 4. Transmission electron microscope images of vertically aligned 
carbon nanotubes after microwave treatment. (a) Fused nanotubes and (b) 
looped nanotubes after microwave irradiation [6].
Reprinted with permission from [6]. Copyright © 2003, American Chemi-
cal Society.
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creased about 25% after four cycles of adsorption-regeneration 
process, but the adsorption capacity of the CNTs was 92.8% of 
the value of original CNTs after four cycles. 
bulk polymer [8]. Han et al. [15] showed an obvious difference 
between microwave and conventional heating with SWCNTs on 
polycarbonate. In contrast to conventional heat treatment, mi-
crowave welding showed no distortion even when the surface 
temperature measured about 180°C (Fig. 5.). Another advantage 
is the convenience in fabrication. Controlling the layer number 
or arrangement of CNTs [13] and fabricating CNT-polymer 
composites with homogeneous distribution [11,14] are much 
easier because the polymer does not pass through overall melt-
ing. Details including experimental conditions and the results 
are summed up in Table 1. 
Other applications like annealing, regeneration and detection 
based on the microwave heating of CNTs have also been re-
ported.
A rapid temperature elevation and nanotube reconstruction 
had already been reported by Imholt et al. [6] in 2003. Much 
more detailed analyses were made by Lin et al. [17] in 2010. 
After 3 min of microwave irradiation, the thermal stability, 
mechanical property, and electrical property of CNTs were im-
proved and the D/G ratio of CNTs was decreased. 
Wang et al. [18] reported microwave regeneration of CNTs 
exhausted with dye. By the residual deposits created by micro-
wave irradiation, specific surface area and pore volume were de-
Table 1. Conditions and results of CNT/polymer microwave welding
Year CNT Polymer Compositestructure Microwave condition Result Ref.
2005 MWCNT
(d: 10 nm, l: 70~300 μm)
Plexiglas Sandwich
2.45 GHz
Below 1.2 kW
3 min
Transparent welded polymer [7]
2007 MWCNT(d: 30-40 nm) PC
Top layer coating
2.45 GHz 
800 W
1-10 s
Electrical resistance: 10-50 Ω/square
[8]
Sandwich
2.45 GHz
200 W
5-10 s
Fracture load: 35 N
2007 MWCNT(d: 30-40 nm) PC Top layer coating
2.45 GHz
800 W
1-10 s
Field emitter
(turn-on voltage: 0.8 V/μm) [9]
2009 SWCNT(TOP NANOSYS Inc.)
PC
PET Top layer coating
2.45 GHz
800 W
10-300 s
Tensile strength: increasing 16%
Displacement: increasing 30% [10]
2009 MWCNT(d: 40 nm, l: 10 μm) PMMA Powder mixture
2.45 GHz
700 W
Up to 1 min
Microhardness: 0.4 GPa
Young’s modulus: 5.6 GPa
Electrical resistivity: 11 × 103 Ω
[11]
2011 MWCNT(d: 15 nm [12], l: 300 μm) PE
Top layer coating 
Sandwich
2.45 GHz
750 W
5-150 s
Bond strength: 9.66 MPa
Surface resistance: below 103 Ω [13]
2012 MWCNT(d: 10-15 nm, l: 10-20 μm) PP Powder mixture
2.45 GHz
850 W
Up to 50 s
Electrical resistivity: 10 Ω·cm
Fracture load: 170 N [14]
2012 SWCNT(nano solutions) PC Top layer coating
2.45 GHz
Up to 50 W
0-15 s
Welding without distortion
CNT passivation from humidity [15]
CNT: carbon nanotube, MWCNT: multi-wall CNT, SWCNT: single-wall CNT, PC: polycarbonate, PET: poly(ethylene terephthalate), PMMA: poly(methyl meth-
acrylate), PE: polyethylene, PP: polypropylene.
Fig. 5. Scanning electron microscope images of microwave welded 
single-wall carbon nanotube films (a) before and after microwave irradia-
tion for (b) 7, (c) 9, or (d) 12 s at 40 W [15]. 
Reprinted with permission from [15]. Copyright © 2012, AIP Publishing 
LLC.
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ing effect [22], and the potential of scale-up [20] were reported. 
Scanning electron microscope images of microwave-exfoliated 
graphite by Sridhar et al. are shown in Fig. 6.
Similar to the exfoliation of GIC, the reduction of GO re-
quires thermal annealing at over 1000°C. So, microwave heat-
ing has received attention as an efficient heating method. Li et 
al. [30], heated GO by microwave at over 400°C within 2 s and 
the D/G ratio was observed by Raman spectroscopy to have de-
creased from 1.17 to 2.75 after microwave irradiation. Zhu et al. 
[31] and Hu et al. [32] reported an increase of C/O ratio after the 
microwave reduction of GO.
5. Microwave Heating of Other Carbon-Based 
Materials
Although large and well-arranged graphitic layers rarely ex-
ist, carbon-based materials like activated carbon, carbon fiber 
and others contain a certain portion of graphitic parts and the 
portion can be increased by elevating the heat treatment tem-
perature [33,34]. Therefore, microwave heating of these carbon-
Microwave heating was also used for the quantitative detec-
tion of CNTs contained in living organisms. Irin et al. [19] re-
ported a technique to match the mass of CNTs injected in Alfalfa 
root to the temperature change by microwave irradiation. This tech-
nique showed a very accurate quantitative detection of CNTs inside 
a living organism, with an error range below 0.02 μg.
4. Microwave Heating of Graphite
Microwave heating of graphite is mostly related to the prepa-
ration of exfoliated graphite from graphite intercalation com-
pound (GIC). Recently, the reduction of graphite oxide (GO) 
also became a popular topic, with the growing interest in the 
mass production of graphene.
Rapid heating and the use of a pre-heated furnace are well-
known methods for the exfoliation of GIC. Recently, heating 
methods using the rapid heating characteristic of microwaves 
have been reported. (Microwave exfoliation conditions for GICs 
are summarized in Table 2.)The most notable features of mi-
crowave exfoliation are immediacy and effectiveness. The ex-
foliation is completed within a minute in most cases [23,25-29], 
and higher volume expansion is observed than with the conven-
tional method using an electrical furnace at over 1000°C [25,28] 
(Table 3). In addition, relatively uniform expansion [21], dry-
Fig. 6. Scanning electron microscope images of exfoliated graphite by 
microwave exfoliation method [20].
Reprinted with permission from [20]. Copyright © 2010, Elsevier.
Table 2. Microwave exfoliation conditions for GICs
Year Intercalant Microwave condition Ref.
2003 SO3 2.45 GHz / 5 min [21]
2005 K, Cs, NaK2 2.45 GHz / 1150 W / 5-60 s [22]
2005 H2SO4 2.45 GHz / 500-1000 W / 40 s [23]
2007 K, THF - [24]
2009 HNO3 2.45 GHZ / 700 W / 60 s [25]
2009 H2SO4 2.45 GHz / 750 W / 10 s [26]
2010 H2SO4 2.45 GHz / 750 W / 10 s [20]
2010 (NH4)2S2O8 2.45 GHz / 500 W / 90 s [27]
2011 H2SO4, FeCl3 2.45 GHz / 450-800 W / 30 s [28]
2013 HNO3 2.45 GHz / 800 W / 20 s [29]
GICs: graphite intercalation compound, THF: tetrahydrofuran.
Table 3. Specific surface area and expansion volume of EGs pre-
pared by microwave irradiation and pre-heated furnace [28]
Exfoliation
method Condition
Specific surface 
area (m2/g)
Expansion vol-
ume (mL/g)
Microwave
450 W, 30 s 63.0 305
650 W, 30 s 71.6 479
850 W, 30 s 66.6 371
Pre-heated furnace 1100°C, 30 s ~50 292
EGs: exfoliated graphite.
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min and an increase in carbon contents were observed in most 
cases as in Fig. 7. Dawei et al. used carbon fiber as a micro-
wave susceptor for the remediation of crude oil contaminated 
soil [50]. 
While microwave heating of relatively unordered carbons 
like coal or coke has been reported [51,52], follow-up studies 
are required for better understanding. 
6. Key Issues
As mentioned in the previous sections, microwaves can be a 
powerful tool for the heating of carbon-based materials, and thus 
various applications have been reported, though deeper under-
standing of the heating mechanism is still required for advanced 
and systematic research. Some of the key issues for the develop-
ment of microwave heating of carbon-based materials are cov-
ered in this section. 
6.1. Heating mechanism
Antenna theory, which is related to radar or communication, 
and polarization, which is related to solution heating with micro-
waves, have been studied relatively well [1,53]. In the case of 
microwave heating of solid materials, however, the mechanism 
has rarely been studied, especially for carbon-based materials. In 
the beginning of this review, MWS polarization was mentioned 
as a theory that explains the microwave heating of carbon-based 
solid materials, but it requires careful re-examination to be ac-
cepted as a formal theory. 
MWS polarization arises from the buildup of charges at phase 
or grain boundaries. The original polarization model was made 
by Maxwell for conducting sheets in an insulating medium. 
based materials is also reported. 
Microwave heating of activated carbon, char and biomass are 
mostly related with adsorbents. Restoration of NOx saturated 
activated carbon and char was extensively reported in the 1990s 
[35-38]. Microwave heating restored activated carbon and char 
effectively with sufficient power in several cycles. Kong and 
Cha [38] reported regeneration of NOx-saturated char within a 
minute when the input power was over 300 W. Also, Menendez 
et al. [39,40] reported restoration of a basic property of activat-
ed carbon by removing oxygenated functionalities. The carbon 
and oxygen contents of oxidized activated carbon were changed 
from 84.50% to 97.82% and from 14.98% to 1.56%, respec-
tively, after 1.5 min of microwave irradiation. In addition, the 
intensity of OH stretching vibration was decreased from 40 to 19 
in the semiquantitative Fourier transform infrared spectroscopy 
after 1.5 min of microwave irradiation [39]. Also, a compari-
son between microwave heating and conventional heating was 
made [40]. Activated carbon irradiated by 1000 W of microwave 
reached over 900°C in about a minute, and resulted in higher 
pore volume and carbon contents after 5 min than conventional 
heating at 900°C for 3 h. Various reports on the applications of 
microwave heating with activated carbons are listed in Table 4. 
Environmental approaches with a similar concept have been 
reported around and after 2000. Microwave irradiation of acti-
vated carbon for removing organic chemicals, dye and SO2 was 
tried [41-46]. Representative strengths included the short time 
required [41,43-46], porous structure preservability [44] and 
high regeneration efficiency after many cycles [45]. Recently, 
conversions of biomass into activated carbon through micro-
wave heating were also reported [47,48]. 
In addition, Carrott et al. [49] reported changes in the elemen-
tal composition and the texture of activated carbon fibers after 
microwave treatment. Extremely rapid heating of over 800°C/
Table 4. Applications of microwave heating with activated carbons
Year Microwave absorber Purpose Microwave condition Ref.
1995 Activated carbon Restoration (NOx) 2.45 GHz / 480 W / 30 min [37]
1995 Char Restoration  (NOx) 2.45 GHz / 480 W / 30 min [35]
1996 Activated carbon Restoration  (NOx) 2.45 GHz / 0-900 W / 20 min [38]
1996 Char Restoration  (NOx) 2.45 GHz / 480 W / 30 min [36]
1999 Activated carbon Restoration  (Oxygenated functionality) 2.45 GHz / 1000 W / 0-30 min [39]
1999 Activated carbon Restoration  (Oxygenated functionality) 2.45 GHz / 1000 W / 5 min [40]
1999 Activated carbon Chemical reaction (Phenol) 2.45 GHz / 1000 W / 0-30 s [41]
2001 Char Chemical reaction (NO, SO2) 2.45 GHz / 0-450 W [42]
2004 Activated carbon Restoration Chemical reaction (pentachlorophenol) 2.45 GHz / 0-800 W / 0-10 min [43]
2004 Activated carbon Restoration  (phenol) 2.45 GHz / Varied for fixed T. / 4 min [44]
2007 Activated carbon Restoration  (salicylic acid) 2.45 GHz / Varied for fixed T. / 4 min [45]
2007 Activated carbon Chemical reaction (dye) 2.45 GHz / 800 W / 2.5 min [46]
2008 Biomass (waste tea) Activated carbon preparation 2.45 GHz / 900 W / 30 s [47]
2008 Biomass (tobacco stem) Activated carbon preparation 2.45 GHz / 0-700 W / 0-60 min [48]
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mechanism for microwave heating of carbon-based solids re-
quires a logical leap. As mentioned above, the basic model of 
MWS polarization and the features of carbon-based solids are 
hugely different. Also, additional investigation is required to 
determine whether the polarization effect is large enough to be 
considered as a main mechanism for microwave heating of car-
bon-based solids or not. It is highly recommended to study the 
true mechanism of microwave heating for carbon-based solids 
both theoretically and experimentally. 
6.2. Temperature control
Temperature control is essential for all chemical reactions. 
Both an extremely high heating rate and high temperature 
(above several hundred degrees Celsius) can be obtained in the 
microwave heating of carbon-based materials. An extreme heat-
ing rate can cause thermal shock, and excessive reaction tem-
perature can cause undesired reactions. 
Microwave heating is a result of the absorption of electro-
magnetic energy by materials. The average power absorbed by a 
material can be derived from Maxwell’s equation and expressed 
as below, 
where f refers to frequency, e0 refers to vacuum permittivity, e′eff 
refers to the effective relative dielectric loss factor, m0 refers to 
the permeability of free space, m′′eff  refers to the effective rela-
tive magnetic loss factor, Erms refers to the root mean square of 
the electric field, Hrms refers to the root mean square of the mag-
netic field and refers to the volume of material [57].
With some modifications by Wagner and Sillars, it can cover 
various conductor shapes [54]. (See Fig. 8. for clear classifica-
tion of the models.) Recently, it has also been used for the heat-
ing mechanism of carbon-based solids by microwave [55,56], 
but without careful evaluations.
There are still some reservations about using MWS polariza-
tion as a mechanism for microwave heating of carbon-based 
solid materials. Originally, MWS polarization was derived for 
a perfect insulating medium containing a small quantity of con-
ductors, so the dielectric loss factor (e′′) of the continuous me-
dium is ignored, because it is assumed to be perfectly insulating. 
In addition, the dielectric property (e) of the whole is assumed 
to be the same as that of an insulating medium because the pres-
ence of the insulating medium is dominant. However, perfect 
insulators are rarely found in carbon-based materials. Further-
more, most carbon materials, like CNTs, graphite, carbon fiber 
and activated carbon, have a high proportion of conductive com-
ponents. So there is a considerable discrepancy between carbon-
based materials and the MWS polarization model. 
Another aspect to consider is frequency dependence. MWS 
polarization is dependent on frequency, like all other polariza-
tions, so it is necessary to examine whether the theory is appli-
cable in the microwave frequency range. As shown in Fig. 9, the 
parameters related to microwave heating (dielectric loss factor 
and loss tangent) have their peak values at much lower frequen-
cy (about 160 KHz) than common microwave frequencies (915 
and 2450 MHz) when calculated using Wagner’s model [54]. 
There are a few reports which suggest MWS polarization hap-
pens in the low-frequency region [57], but no reports about the 
frequency dependence of MWS polarization with carbon-based 
materials. 
It is true that MWS polarization occurs in electron-rich het-
erogeneous solids, but regarding MWS polarization as the main 
Fig. 7. Temperature profiles depending on the irradiation time during 
microwave treatment for activated carbon fibers [49].
Reprinted with permission from [49]. Copyright © 2001, Elsevier.
Fig. 8. Models of inhomogeneous dielectrics employed for analyzing interfacial polarization. (a) Maxwell’s model consisting of conducting plane sheets 
and insulating medium, (b) Wagner’s model with conducting spheres and (c) Sillars’s model with conducting spheroidals. 
Fig. 9. Loss tangent (tand) and dielectric loss factor (e′′) with varying 
angular frequency calculated by Wagner’s model.
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penetrative power, so volumetric heating is possible. However, 
it is not valid in all cases. When the scale of the target material is 
much larger than the microwave penetration depth, advantages 
like efficient and homogeneous heating are not applicable be-
cause the energy is only absorbed at the surface, as shown in 
Fig. 10. 
Usually, liquids have a centimeter-scale penetration depth, so 
they can be effectively heated by microwaves by stirring or us-
ing a flow reactor. In the case of electron-rich solid systems like 
metals and carbons, however, penetration depth becomes a criti-
cal factor because the penetration depth is only micron-scale. 
Therefore, reactor design considering the penetration depth is 
strongly recommended when using microwaves as a heating 
source for carbon-based solids. 
7. Conclusion
Microwave heating is a powerful heating method for carbon-
based solid materials. In most cases, a temperature of over 
1000°C is obtained within a few minutes and is easily main-
tained, so processing time is absolutely shortened. Typical ap-
plications for microwave heating of carbon-based solid materi-
als take advantage of the the ease of reaching and maintaining 
high temperature, and include the exfoliation of graphite, re-
generation of carbon adsorbents, and reconstruction of crystal-
line structure. Furthermore, the selective-heating nature of mi-
crowaves is adequate for welding carbon-based materials with 
polymers. 
In this review, various cases of microwave heating of carbon-
based solid materials were introduced, including CNTs, graph-
ite, activated carbons and carbon fibers. The diverse advantages 
of microwave heating are clearly shown experimentally, but de-
ficient understanding about the heating mechanism and in the 
lack of a systematic approach are sticking points in advanced 
research. 
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